The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Specifically, the three-dimensional meniscus shape, which varies along the wicking direction with the local liquid pressure, is accurately captured by a force balance using the Young-Laplace equation. The dry-out condition is determined when the minimum contact angle on the pillar surface reaches the receding contact angle as the applied heat flux increases. With this model, we predict the dry-out heat flux on various micropillar structure geometries (diameter, pitch and height) in the length scale range of 1-100 μm and discuss the optimal geometries to maximize the dry-out heat flux. We also performed detailed experiments to validate the model predictions, which show good agreement. This work provides insights into the role of surface structures in thin-film evaporation and offers important design guidelines for enhanced thermal management of high-performance electronic devices.
micropillar array wick structures and validated the model with experiments. The model numerically simulates liquid velocity, pressure, and meniscus curvature along the wicking direction by conservation of mass, momentum and energy based on a finite volume approach.
Specifically, the three-dimensional meniscus shape, which varies along the wicking direction with the local liquid pressure, is accurately captured by a force balance using the Young-Laplace equation. The dry-out condition is determined when the minimum contact angle on the pillar surface reaches the receding contact angle as the applied heat flux increases. With this model, we predict the dry-out heat flux on various micropillar structure geometries (diameter, pitch and height) in the length scale range of 1-100 μm and discuss the optimal geometries to maximize the dry-out heat flux. We also performed detailed experiments to validate the model predictions, which show good agreement. This work provides insights into the role of surface structures in thin-film evaporation and offers important design guidelines for enhanced thermal management of high-performance electronic devices.
INTRODUCTION
The increasing power densities in high performance electronic devices such as GaN power amplifiers, concentrated photovoltaics and laser diodes pose a significant thermal management challenge [1] [2] [3] . The use of the liquid-to-vapor phase-change process to cool these devices is attractive because it harnesses the latent heat of vaporization with minimal temperature rise [4] [5] [6] . In particular, capillary-pumped thin-film evaporation has gained increasing attention due to its simple design, stable and self-regulating performance, and minimal pumping power consumption [7] [8] [9] . These systems generally require a porous wick structure to generate capillary pressure which drives the liquid flow as it evaporates. Among various wick structures investigated including spheres, pyramids and cylindrical micropillars, the latter have been shown to be a particularly effective wick structure 10 . However, optimizing the micropillars to increase the dry-out heat flux, which is the maximum heat flux the system can dissipate before dry-out occurs, is challenging owing to the complex liquid-vapor interface and its effect on the liquid transport. Thus, existing models simplify the physics by assuming an adiabatic flow 11, 12 , or neglecting the variation of the three-dimensional curved liquid-vapor interface [13] [14] [15] along the length of the wick. In addition, these models are typically based on the Brinkman's equation 11, 12, 16 or Darcy's law 14, 15 which describes flow in an isotropic porous media, with an effective porosity and permeability adopted for the micropillars. Therefore, a multi-physics model, which captures the liquid-vapor interface along the wicking distance and couples the associated capillary pressure field with the fluid and enthalpy transport, is needed for more accurate predictions of the dry-out heat flux.
In this study, we developed a numerical model for thin-film evaporation from micropillar array wick structures. The model simulates the liquid velocity, pressure, and meniscus curvature along the wicking direction by conservation of mass, momentum and energy based on a finite volume approach. In particular, the three-dimensional meniscus shape, which varies along the wicking direction with the local liquid pressure, is accurately captured by the Young-Laplace equation.
We determine the dry-out condition at a fixed distance from the liquid source when the minimum contact angle on the pillar surface reaches the receding contact angle as the applied heat flux is increased. We predict the dry-out heat flux on various micropillar structure geometries (diameter d, pitch l, and height h) in the length scale range of 1-100 μm and suggest the optimal geometries to maximize the dry-out heat flux. In addition, we experimentally validated the model with microfabricated test samples and measured the heat flux at which dry-out occurred. The results
show that for the geometric range investigated, the dry-out heat flux is maximized at d/h ~ 0.4-0.6 and l/d ~ 3.
MODEL FORMULATION
In this work, we study capillary-pumped liquid film evaporation on a hydrophilic micropillar array surface (or the "wick surface") of length L, in a constant pressure, saturated vapor environment. A schematic of the problem studied in this model is shown in Figure 1a (side view) and 1b (top view). Figure 1c shows a scanning electron microscope (SEM) image of a representative fabricated silicon micropillar array with diameter of d, pitch of l and height of h
The wick surface in Figure 1a and 1b (0 ≤ x ≤ L) is in contact with a liquid reservoir (x < 0) at x = 0, whose volume is much larger than the total volume of liquid on the wick surface. The wick surface and the liquid in the reservoir are in a saturated environment, with saturated vapor on top. Thus, the pressure of the liquid reservoir (flat interface) is the same as the vapor pressure P vap , which is constant (at P sat ) in this system. Upon applying a uniform heat flux q to the bottom of the wick surface, the liquid film evaporates and the film thickness reduces as a function of x. The bottom surface is assumed to be infinitesimally thin such that no axial conduction is present in the solid, which can be large for a thick substrate 17 . However, the liquid-vapor interface is pinned to the hydrophilic micropillar top surfaces. As a result, concave interfaces form (shown in Figure 1a ). After the system evolves to equilibrium, the curvature κ(x) of this interface increases with x, which is a result of a thinner liquid film further from the reservoir. The liquid pressure P liq (x) is described by the Young-Laplace equation,
where σ is the liquid-vapor surface tension. For the geometries (1-100 µm) and evaporation conditions studied in this model, the variations of the surface tension with temperature, the disjoining pressure and recoil pressure are negligible. The liquid pressure gradient along x, dP liq /dx, thus results in a net flow from the reservoir (marked by the blue solid arrow in Figure 1a ), which compensates for the evaporated liquid mass flux. The goal of this modeling study is to understand the axial variation of the pressure P(x) and the x-direction liquid velocity U(x) at any heat flux q. With this information, we determined the dry-out heat flux q dry-out , as the meniscus curvature at x = L reaches its maximum (i.e., where the liquid-vapor meniscus starts to recede). A. Force Balance. We first solve for the meniscus shape at an arbitrary unit cell along x with the liquid pressure P liq (x). The curvature of the meniscus in one unit cell is governed by the YoungLaplace equation (equation (1)). Since P vap is constant, we define P r,liq as the liquid pressure relative to the vapor pressure, P r,liq = P liq − P vap . In the scenarios of practical interest, L is usually much greater than l. It is therefore reasonable to assume that the pressure and curvature variations in one unit cell are small, which we will later validate. Under this condition (L>>l), the meniscus in the i th cell which is governed by κ(x) or P r,liq (x) is approximated using the meniscus calculated from a cell-averaged curvature κ i (or the cell-averaged pressure P r,liq i ), since in this numerical model we discretize the pressure P r,liq (x) as P r,liq i (i=0 to L/l). Accordingly, we denote
x', y' and z' as the relative coordinates in a unit cell. Equation (1) is then rearranged to
The curvature of a 3-D surface z' = f(x',y') is calculated as,
where n is the unit normal of the surface defined as equation (4) 18 .
Given any P r,liq i , the constant-mean-curvature (CMC) meniscus shape z' = f meniscus (x',y') is numerically computed using equation (3) and (4) in COMSOL 19 by setting
The boundary conditions (before the meniscus starts to recede within the unit cell) are: a) the interface is pinned at the pillar top, 
Due to the various geometries simulated (1-100 µm), we used a standard optimized mesh generation algorithm in COMSOL 19 to generate the grid. The minimum and maximum relative mesh areas (with respect to the unit cell projected area) were approximately 1×10 -5 and 7×10 -5 .
The relative tolerance for the convergence of z' was 10 -6 . The results were exported in the form of points (x', y', z').
An example of the meniscus in a unit cell (d=3 µm, l=9 µm, h=5 µm) with κ i = 5.52×10 -2 µm -1 which corresponds to P r,liq = −6.49 kPa (σ = 58.8 mN/m, water at 100 °C) is shown in Figure 2a .
We choose water due to its large latent heat of vaporization compared to other fluids. From the meniscus solution, we further obtain the contact angle θ that the meniscus makes on the pillar surface. The contact angle varies around the pillar circumference (29.92° < θ < 30.21°) as expected due to the non-axisymmetric geometry and interactions with the adjacent three pillars (see Supporting Information Sections S-I and S-II), but this variation is small for pillar geometries with reasonably large permeability which is of practical interest in wicking applications. In this case, the corresponding average contact angle obtained from the meniscus solution around a pillar is θ = 30.06°, which matches very well with the average contact angle (θ = 30.00°) calculated from a force balance analysis (see Supporting Information Section S-I for detail) described by equation (7),
where r (r = d/2) is the radius of the pillar. The left hand side of equation (7) represents the vertical component of the line forces pulling the meniscus upward (indicated by red arrows in Figure 2a ). The right hand side of equation (7) is the downward component of the force from the pressure difference acting on the meniscus. , computed from equation (3) and (4) The center-yz-plane-averaged (the red plane in the inset) x-direction velocity U defined as
as a function of |ΔP r,liq |/l and θ = f(P r,liq ).
We performed simulations over a wide range of values for pressure gradient ΔP r,liq /l and pressure P r,liq , to obtain their effect on the liquid velocity. The result for d = 3 µm, l = 9 µm, h = 5 µm is plotted in Figure 3b where the center-yz-plane-averaged (the red plane in the inset) x-direction
) is shown as a function of |ΔP r,liq |/l and θ = f(P r,liq ). For a fixed contact angle (i.e., a fixed meniscus shape), the result shows a linear relationship between the velocity and the pressure gradient, which is due to a fixed flow resistance. As θ reduces, the meniscus becomes more concave. This increases the flow 
where ρ is the liquid density, u is the x-direction velocity, A i is the outlet surface area which is also the center yz-plane area A c in a unit cell, and U i is the surface-averaged velocity (as discussed in Section B). A similar equation is used to calculate Г i-1 .
Integrating the enthalpy in the finite volume gives equation (10),
where h l and h v are the enthalpies of the liquid and vapor respectively. Substituting equations (8) and (9) into (10), and neglecting the sensible heat results in equation (11),
where h fg is the latent heat of vaporization (h v -h l ).
The boundary conditions at x = 0 are a) P r,liq = 0 since the liquid is in contact with the reservoir, and b) Г(x = 0) = qlL/h fg since all the liquid evaporated from the surface should enter at x = 0. Equation (11) 
RESULTS AND DISCUSSION
In this section, we first show an example of the solution of a micropillar array surface which will be explained in the following paragraph. Figure 5a shows that the velocity reduces to zero at x = L, which is a physical result of total evaporation of the liquid. This also indicates that the error associated with the numerical method is small, since we only specified the left boundary conditions at x = 0 and did not set any constraints at x = L. Figure 5b shows that P r,liq reduces along the wick surface and the magnitude of the total pressure drop increases with q. In addition, the maximum pressure variation within a unit cell at q = 76.1 W/cm 2 is 23.9 Pa (at x = 0), which is only 1% of the pressure variation from x = 0 to L (−2.17 kPa). This validates our assumption in section A that the pressure variation in one unit cell is small. Figure 5c and 5d
shows that the thickness of the liquid film and the average contact angle reduces along the wick surface. As heat flux increases, the liquid becomes thinner and the contact angle reduces.
We identify the dry-out heat flux q dry-out by the physical constraint of the minimum contact angle at x = L. This contact angle cannot be lower than the receding contact angle θ r of the fluid on the substrate. Similarly, the receding contact angle has been used to identify the critical heat flux in pool boiling 20, 21 . As an example of water on silicon dioxide, which is a common combination, θ r is approximately 15° 22 . Thus q dry-out in this particular case is determined to be 76.1 W/cm 2 , as shown in Figure 5d . The results indicate the dry-out heat flux is very sensitive to the choice of the micropillar geometries. We summarize the main observations from these simulations over the parametric space as seen in Figure 6 ,
(1) For each h, there is a maximum q dry-out , and for the geometries investigated in this study, the optimal geometry has a d/h ratio of approximately 0.4-0.6, and an l/d ratio of approximately 3 when θ r = 15°.
(2) q dry-out increases with h (Figure 6a-6c) . This is because higher h results in a thicker liquid film and the associated viscus drag (~µ·d u/dz) from the bottom surface is smaller. In addition, a thicker liquid allows a higher liquid mass flow rate, which contributes to a higher q dry-out . This trend agrees with previous modeling based on the Darcy's equation and experimental observations 14, 15 . However, increasing the height of the pillars increases the superheat at the solid surface. Therefore, h is limited by the maximum superheat associated with the onset of nucleation, which needs further consideration. Due to this boiling limit, we do not report h > 50 µm, since a mixed mode of evaporation and boiling has been observed from some previous works 8, 23, 24 for geometries in this range.
Similarly, when the contact angle is large, it is also possible for boiling to occur due to the small evaporative heat transfer coefficient 25 .
(3) Reducing θ r will increase q dry-out , as indicated by Figure 6b and 6d.
To further investigate the effect of the receding contact angle on the dry-out heat flux, we plot q dry-out as a function of θ r for three different micropillar geometries (Figure 7 ). Figure 7 suggests that although the dry-out heat flux increases with decreasing receding contact angle, the increase is small as θ r approaches 0°. This relation resembles q dry-out ~ cosθ r since the maximum capillary
, according to equation (7). The exact q dry-out = f(θ r ) is micropillar geometry dependent, as indicated by the difference between the curves for l = 60 µm and l = 20 µm in Figure 7 . The predictions for l = 60 µm are higher than that for l = 20 µm at larger receding contact angles, but becomes lower at receding contact angles less than 21°. This is because as the contact angle decreases the liquid film becomes thinner for sparse pillar arrays compared to micropillars with relatively closer spacing (insets of Figure 7 ), which causes more viscous drag. This result explains the trend that the optimal d and l increase as θ r increases (Figure 6b and 6d) . In addition, creating nanoscale hierarchical structures on top of the microscale pillar arrays will not only reduce the apparent contact angle on the pillar surface, but will also increase the contact line length of the meniscus. This can potentially increase the maximum allowable capillary pressure significantly without introducing substantial viscous loss, which can potentially further increase the dry-out heat flux. Finally, we discuss the effect of the wicking length L on q dry-out , and show the importance of L, aside from the microstructure geometries, in capillary-pumped heat sink designs. Figure 8b shows q dry-out as a function of L based on our model for two micropillar geometries (Sample B1: to the optimal micropillar geometries for h = 25 µm and B2 has non-optimized geometries (see Figure 6b ). The dependence of q dry-out vs. L on a log-log scale appears linear which indicates a power law relationship between the two. In fact, the slopes in Figure 8b suggest
The physical reason behind this relationship is because q dry-out × L scales with the total heat input Q to the surface, and Q  Г(x = 0)  P cap,max /L, where Г is the liquid mass flow rate (equation (9)) and P cap,max is the maximum capillary pressure for a given micropillar geometry. Figure 8b indicates that, although the two geometries B1 and B2 lead to ~100% difference in q dry-out for the same L (see Figure 6c) , q dry-out spans two orders of magnitude when L is varied from 1 mm to 10 mm. This suggests that: 1) It is possible to achieve a significant heat flux only over a small area, however this does not necessarily correspond to an optimized wick surface. 2) Achieving high heat fluxes as the wick surface scales up is difficult, since q dry-out quickly decreases with L 2 .
However it is possible to extend the reservoir region to the heat transfer surface by incorporating channels with minimal pressure drop from the main reservoir (inset of Figure 8b ). This offers an opportunity to further enhance the dry-out heat flux by reducing the characteristic wicking length L while still increasing the total heat transfer surface length L s (i.e., L s > L).
CONCLUSIONS
We have demonstrated a modeling framework to predict thin film evaporation in micropillar 
S-I. Contact angle obtained from the meniscus shape
Here we verify that the contact angle obtained from our calculated meniscus shape matches the result from a force balance analysis. Figure S1a (2)). We used the curvature κ = 5.52×10 -2 µm -1 to calculate the meniscus in Figure S1 . Therefore,
Equation (S2) gives θ = 30.00°. The error between the two θ is 0.2 %.
S-II. Effect of micropillar shapes
The shape of the pillar affects both the contact angle uniformity around a pillar top surface, and the contact line length in a unit cell (hence the maximum capillary pressure). The contact angle non-uniformity can be significant around a pillar top surface for shapes other than cylindrical micropillars, especially for those shapes with sharp corners (e.g., rectangular). The contact angle non-uniformity can result in a partial receding and partial pinning state of the meniscus, and the calculation of such intricate meniscus shape will need further consideration. For example, the contact angle around a square micropillar (widths w = 3 µm, pitch l = 9 µm) with the same curvature (κ i = 5.52×10 -2 µm -1 ) is significantly non-uniform (from 9° to 56°), assuming the meniscus is pinned. This means that if the receding contact angle is 15°, for example, the assumption that the meniscus is pinned around the pillar before the dry-out heat flux occurs is not valid. In this case, part of the three-phase contact line will recede first while part of it is pinned. Since the dry-out heat flux is determined by the receding of the entire contact line, obtaining the dry-out heat flux will require accurate calculation of this intermediate partially receding meniscus as well as integration of this meniscus into the CFD model.
S-III. Mesh Independence of Numerical Results
Here we present the numerical results of the meniscus and the fluid velocity for different mesh sizes and show that the meshes chosen in this study provide sufficient accuracy while being computational inexpensive. Figure S2a 
S-IV. Experiment
We created well-defined micropillar arrays with three geometries (Sample A1 The schematic of the sample and the experimental setup is shown in Figure S4 . Each sample was 2 cm × 2.5 cm × 600 μm. Micropillars were patterned on the samples with a width of 10 mm and length of L+1 mm (Figure S4a) , where L is the wicking length (L = 5-10 mm).
The structured area is 2 mm above the bottom edge of the sample. A thin-film heater was patterned on the backside of the sample, with an area of 10 mm × L mm. Three thin-film resistive temperature sensors were also patterned on the backside of the sample. Prior to the experiment, the samples were rinsed in acetone, isopropyl alcohol and de-ionized water, and subsequently plasma cleaned in an oxygen environment for 15 minutes to remove any surface contamination. For all experiments, the sample was placed in a fixture which was connected to a z-stage. The sample was tilted 45° and brought into contact with a reservoir filled with 
